INTRODUCTION
For surface-sensitive experiments probing the high-temperature superconductivity of the hole-doped cuprates, single crystals of the bismuth cuprate family are the preferred choices because of the natural cleaving plane between two abreast van der Waals binded BiO layers. Preferentially used in experiments is the compound Bi 2+z Sr 2−z CaCu 2 O 8+δ (BISCO or Bi2212) with two CuO 2 layers per unit cell. Since a strong interlayer interaction of next nearest CuO 2 planes leads to split bands in this Bi2212 (see, e.g., Refs. [1] and [2] ), other members of the family have come into the focus of research. Bi 2+z Sr 2−z CuO 6+δ (Bi2201) with only one CuO 2 layer per unit cell is often regarded as the most ideal experimental manifestation of the single undisturbed CuO 2 plane. By controlling the extra oxygen (δ) and varying the amount of Bi in Sr positions (z), the hole doping can be tuned around optimum doping. Furthermore unlike for Bi2212, nearly the whole range of hole dopings can be achieved due to substituting Sr by La: Bi 2+z Sr 2−z−x La x CuO 6+δ (La-Bi2201).
Structurally the Bi cuprates are far from ideal crystals. Since they consist of alternating rocksalt and perovskite building blocks they are prone to superstructures which release the stress. For instance Bi2212 and La-Bi2201 exhibit a pronounced structural imperfectionan incommensurate superstructure in b and c directions. This superstructure is sometimes called "Bi-type superstructure" [3] , or is referred by its in-plane periodicity as the "near 1×5 superstructure". For La-Bi2201, it can be shown that this superstructure can be monoclinic or orthorhombic [4] -depending on the La content. However, the question of the driving force for the superstructure in the Bi cuprates gave rise to basically two models, the "extra oxygen model" and the "misfit-model" (see, e.g., Refs. [3] and [5] [6] [7] ). Besides the strive for a structurally pure crystal, the suppression of this near 1×5 superstructure is highly desirable for other reasons. It has a periodicity around 27Å, comparable to the in-plane superconducting coherence length of approximately 30Å (see, e.g., Refs. [8] and [9] ); and for experiments probing the reciprocal space, the superstructure hides intrinsic features. This attribute is exemplified in angular-resolved photoemission spectroscopy. Diffraction replica of the outgoing electrons are produced, [10, 11] which mask the true electronic structure.
The suppression of the quasi-1×5 superstructure by substituting a certain fraction of Bi by Pb is a method often used for the Bi cuprates, leading to Pb y Bi 2+z−y Sr 2−z−x La x CuO 6+δ
[(Pb,La)-Bi2201], Pb y Bi 2+z−y Sr 2−z CuO 6+δ (Pb-Bi2201), and Pb y Bi 2+z−y Sr 2−z CaCu 2 O 8+δ 2 (Pb-Bi2212). Besides the suppression of the superstructure, the substitution by Pb is also known to enhance T C , i.e. , from about 29 K for optimally doped La-Bi2201 to about 38 K for optimally doped (Pb,La)-Bi2201. However, examinations of Bi2201 (Ref. [3] ) and also La-Bi2201, [5] showed that at intermediate Pb concentrations, a "Pb-type" superstructure replaces the quasi-1×5 superstructure. For the two-layer material Pb-Bi2212, it was reported [12] that at a comparable intermediate Pb level, a phase separation in so-called α and β phases occurs. The α phase was found to have high corrugation and to be Pb poor, whereas the β phase was found to have low corrugation and to be Pb rich. [13] Therefore, this topology was examined in Bi 2−y Pb y Sr 2 CaCu 2 O 8+δ by using a focused electron beam (30 nm in diameter) which was produced by a high-resolution electron microscope. For the one-layer material Pb-Bi2201, a quite similar phase separation was recently shown. [14] The present study deals with well-characterized single crystals of a systematic series of the lead-and lanthanum-substituted single-layer (Pb,La)-Bi2201, where the Pb concentration was varied continuously between 0 and 0.53 f.u. The lanthanum content was kept constant. These crystals were probed by low energy-electron diffraction (LEED) and topographical scanning tunneling microscopy (STM). Hiroi et al. [13] proposed a phase diagram for Pb-Bi2212 to describe the appearance of α and β phases upon varying the Pb content. It will be shown, that the one-layer (Pb,La)-Bi2201 probed here also shows intermediate phases and has a similar phase diagram. In this paper, the disappearance of the near 1×5 superstructure, the appearance of intermediate α* and β* phases, and of the final α and β phases are discussed in detail for (Pb,La=0.4)-Bi2201. Based on the results a general advanced phase diagram will be proposed.
EXPERIMENTAL
Single crystals of (Pb,La)-Bi2201 were grown using the flux method. For the flux, Bi is used in typical additional amounts of 10 % of the total Bi formula unit. The dependence between nominal and actual La composition is similar as in Yang et al. [15] The starting mixture is composed of the oxides of Bi 2 O 3 , CuO, LaO, PbO, and the carbonate SrCO 3 , which are 99.98 % pure. To get a homogeneous mixture, the constituents were dissolved in ethanol and then ground. After this, it was calcined at T ≈800
• C. For crystals containing lead, first the oxides Bi 2 O 3 , CuO, and the carbonate SrCO 3 are mixed. After the calcination, LaO and PbO are added. Then, the composition is heated in a zirconium-oxide crucible above the liquidus temperature, which is, dependent on the exact composition, between 950 and 1050
This temperature is maintained for 1 to 2 h to thermally homogenize the melt. After the homogenization, the system is cooled. In the temperature range roughly between 800 and 880
• C, the system is cooled gradually at a rate of 1-2 K/h to allow the formation of only a few crystallization nuclei. It is then rapidly cooled to room temperature (RT) with a typical rate between 10 and 20 K/h. After preparing single crystals out of the crucible, the crystals were characterized by ac-susceptibility measurements, to obtain the transition temperature T C , and energy dispersive x-ray analysis to determine the actual chemical composition. In the STM image for the Pb-free samples (Fig. 2 , y = 0), the quasi-1×5 superstructure is visible as a striped modulation. This can also be seen clearly by the extra spots in the LEED pattern. The substitution with y=0.07 f.u. leads to some brighter dots in the STM image. These brighter dots represent a higher unoccupied density of states and are oriented along the superstructure. With reference to other STM measurements for PbBi2201 (Ref. [16] ) and for Pb-Bi2212, [17] it is assumed that these brighter dots are the substituted Pb atoms. The superstructure is present in the STM image and as well in the LEED picture. When slightly increasing the Pb substitution (y = 0.09) the brighter dots, which were already visible in the y = 0.07 sample, cluster along the present superstructure.
These linear objects maximize their mutual separation which seemingly corresponds to the most energetically favorable position. In the STM image for a sample with Pb substitution of y = 0.21, the density of these linear objects is significantly increased compared to the sample with y = 0.09. It is remarkable that these objects themselves cluster, denoted as the β* phase. The clustered objects are separated by a second phase, denoted here by α*.
This phase has a lower density of bright linear objects with washboard like appearance.
Since the bright objects may represent ordered Pb atoms, the α* phase is a low Pb phase, compared to the β* phase. At substitution of y = 0.23, the linear objects within the β* phase are more pronounced. The near 1×5 superstructure is still detectable by the blurred lines in the LEED pattern but weak. The sample with Pb content of y = 0.3 shows smooth and bright areas without any linear structure. It is assumed that this β phase is Pb rich, which is supported by a report of Hiroi et al., [13] where this topology was examined in sharper and the incoherently scattered background between the spots is reduced.
In Fig. 3 , the quantitative analysis of the found distances by the (near 1×5) superstructure and the bright objects are shown. To do this the periodicity was averaged over many patterns. For computing the length in units relative to b, the absolute length was divided by 5.4Å. From this graph it is clear that the near 1×5 superstructure remains nearly constant and vanishes upon the appearance of the α-and β-phase separation. Please note that this is in contradiction to other results on Pb-Bi2201, [14] where the superstructure wavelength increases upon increasing the Pb level. Here, the distance between the bright objects reduces when increasing the Pb substitution level and its length scale seems to evolve into a constant value of quasi-1×10.
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DISCUSSION
From the data, it is evident that a multitude of morphologies exist. Therefore, the most relevant mechanisms responsible for the morphologies, dependent on Pb substitution, need to be addressed. The ideal structure of Bi2201, as depicted in Fig. 4(a We begin with a crystallization process from the melt at point 1 in Fig. 4 (c), corresponding to a low Pb concentration. Lowering the temperature at this composition splits the system at the liquidus into two phases: one part crystallizes in the γ phase [at point A in Fig. 4 
(c)]
whereas the rest of the system follows the liquidus toward the eutectic point. A gradual reduction in the temperature will enable the γ phase to grow at the cost of the melt. This growth can continue until point C is reached and the concentration in γ is identical to the starting composition (point B). Lowering the temperature further leaves the system stable within the γ phase until point D is reached. At this point, the β phase decomposes from the γ phase. Because the system is strongly supercooled [∆T in Fig. 4(c) ], the decomposition of the β phase will be sudden. The Pb atoms crystallize at local inhomogeneities (see, y = 0.07 and 0.09 in Fig. 2 ). These local inhomogeneities are, for example, given by the superstructure. Therefore, in the STM images bright spots are visible, which are located near the superstructure.
Increasing the starting Pb concentration (point 2) will increase the amount of condensed Pb near the superstructure. As composition 2 is reached, the β phase can be stabilized without supercooling. But the stabilization without supercooling will only be possible under adiabatic conditions. Two topologies will be typically formed (see y = 0.21 and y = 0.23 in Fig. 2 ). One topology is the very locally stabilized β phase (β* phase) and the other topology is quite similar to the washboard like structure from supercooling (α* phase). The existence of large quantities of the β phase is dependent on the cooling rate and the Pb level.
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The lower threshold for the occurrence of large fractions of the β phase in the crystals is at around y ≈ 0.3 for the applied growth conditions (see y = 0.3 in Fig. 2 ). At this composition, the character of the α phase becomes clear. The α phase is a phase mixture produced by the part of the system which crystallizes at point y γ into the γ phase and decomposes upon cooling further in γ and β phases. This explanation of the α phase as a phase mixture is quite interesting, as it means that in a sample at any lead concentration between y γ = 0.2 and y β = 0.5, two (metastable) phase mixtures develop.
From point 3' in Fig. 4(c) on the eutectic line, which is reached from point 3 by cooling, the Pb-rich β phase grows until point y β , where upon cooling the pure β phase crystallizes.
All material not crystallizing in this way moves from point 3' to the left along the eutectic line to the y γ point and further upon cooling to RT along the γ−(γ+β) phase boundary. The excess Pb not used in crystallization along the first way determines the fraction of β phase in the γ phase forming the pseudo-phase α. The decomposition between y β and y γ makes β and γ phases align themselves perpendicular to the growth direction (see also Ref., [13] ), which is for Bi2201 in the a direction. The washboard-like structure in the α-phase mixture should order at local inhomogeneities, present in the already crystallized γ phase.
From this explanation of the observed morphologies by general thermodynamic interpretations, clear conclusions can be drawn. First of all, a multitude of topological morphologies due to lead substitution will occur for any crystal-growth method, e.g., for the flux method, as in our case, but also for the traveling solvent floating-zone method (see, e.g.,
Ref. [14] ). Furthermore, as already reported by Hiroi et al., [13] a quite similar phase diagram leads to similar morphologies for the double CuO 2 -layered Pb-Bi2212. In other words, in most conventional cases, up to the Pb level examined here, the occurrence of a minority washboard-like α phase cannot be avoided in Pb-substituted bismuth cuprates.
The large average spacing between the α-phase regions leads to short reciprocal vectors in the b direction. For a Pb concentration of 0.4, for instance, it is 1×32 (Ref. [21] ) but this of course varies with the amount of lead and with the cooling rate. As shown in Fig. 3 , the bright linear objects forming the washboard-like structure within the α phase converge to an average distance of about 10×b for high Pb concentrations of around 0.4. It can be suggested that these distances represent the so-called additional Pb-type modulation, visible in electron-diffraction experiments by Zhiqiang et al. [3, 5] Its oscillation strength reduces considerably with increasing Pb content, as the α phase becomes the minority phase with 8 only few linear objects within a typical α-phase area.
We should now discuss how the above-mentioned modulations influence the LEED pictures. While in Fig. 2 for y = 0 and y = 0.07, the quasi-1×5 shows up as clear, separated spots in LEED, for y = 0.23 the disturbed morphology leads to a diffuse LEED pattern along the b direction. For y = 0.3 and y = 0.43, the fundamental reflexes are of dominating intensity. The diffuse intensity between these main spots is ascribable to the short-scaled reciprocal vectors from the α-β phase separation, which is not individually resolvable anymore. For y = 0.53, the spots are sharp and the diffused part is minimized although the alpha phase is still present. This can be understood as follows: the α phase only occupies a small fraction of the surface and the number of bright linear objects in it is just between one and three, giving therefore low oscillation strength from the 1×10 periodicity. Also, the spacing between the α-phase regions is beyond 1×32 yielding reciprocal vectors and outside the coherence length of the LEED experiment. However, other experiments probing the reciprocal space, e.g., angle resolved photoemission, could be influenced by these structural details.
In addition, it is reasonable to suggest that the superconducting properties are affected by highly inhomogeneous samples. This structural impurity might therefore be the reason for the discontinuity of the superconducting temperature between 0 and 0.3 f.u. of lead (see Fig. 1 ). In this region, a mixture of different crystalline phases exists which are highly inhomogeneous (as can be seen in Fig. 2 see the text, where also the blue point, marked with 3', is discussed.
